1. In an earlier paper (Massey 1937 ) the nature of the collision processes occurring in the ionosphere was investigated in general terms with a view to understanding the observed distribution of electron and ion density in space and time. Explicit account was taken of the known stability of the negative ions of oxygen, so th at besides direct recombination of electrons and positive ions, consideration was given to attachment of electrons to O and 0 2, detachment of electrons from 0~ and 0 2, and recombination of negative and positive ions. In agreement with Martyn & Pulley (1936) it was concluded th at negative-ion phenomena are likely to play an important role in the ionosphere. From the preliminary examination of the rates of the various processes as derived from theoretical and experimental data it was suggested that the best way of regarding the situation in the E layer is to take the electrons and negative ions as in a dynamical equilibrium so that if ne, n~ are their respective densities, n~/nfi = A,
where A changes only slowly with time. The apparent recombination coefficient for electrons is then given by a = ae + Aa*,
where ote is the true coefficient of recombination between electrons and positive ions and that for recombination between negative and positive ions. In a second paper (Bates, Buckingham, Massey & Unwin 1939) ae was calculated by quantal methods and found to be quite inadequate to account for the observed value of a. Rough estimates of at (now thought to be too low) then suggested th at A in (2) must be taken of order 100. The difficulty of reconciling this with photo detachment effects during the daytime was not properly realized. At th at time also it appeared that a large value of A was required to explain the magnitude of the terrestrial magnetic variations, but the measurements of Appleton & Weeks (1939) on atmospheric tides now cast doubt on the validity of the theoretical treatment of this phenomenon. 
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For further progress it was necessary to extend the application of theoretical analysis to as many reaction rates as possible. As part of such a programme a detailed study of 0~ and 0 2 and of the reactions leading to their formation and destruction has recently been made by the present authors -From this work and that of the previous paper (Bates et al. 1939) information is available concerning the continuous absorption cross-section of atomic oxygen, the electronic and ionic recombination coefficients, the rate of photo-detachment and a number of other processes. With this for guidance it becomes worth while to review the theory of the upper atmosphere taking into account also the recent observational material. The distribution of solar photo-ionization throughout the atmosphere and its relation to the origin of the ionized layers, the temporal variation of ion density, and the light of the night sky are all discussed. Considerable modifications are introduced by such factors as the intense absorption estimated for atomic oxygen, the large value the ionic recombination coefficient may assume, and the previously underestimated importance of photo-detachment of electrons from negative ions during day fight.* A wholly satisfactory theory cannot yet be regarded as available and, in all cases, care has been taken to catalogue and discuss the difficulties still outstanding. Directions in which information should be sought are outlined.
D. R. Bates and H. S. W. Massey
2. Mean composition, temperature, and density DISTRIBUTION OE THE ATMOSPHERE
2-1. Composition
The principal constituents of the atmosphere are oxygen and nitrogen. As pointed out by Chapman (1931) , oxygen is mainly present as molecules at low heights and as atoms at great heights. The detailed theory of Wulf & Deming (1938) shows that the transition takes place in a region near but slightly above 100 km. f The existence of oxygen in the atomic state in the high atmosphere has been confirmed by the observation of emission fines in the night-sky and auroral spectra J ( § 7-1-1). Nitrogen however, probably remains in the molecular state up to very great heights. There is no reason to expect, nor evidence to suggest, dissociation (Chapman & Price 1936) . For lack of knowledge of the rate of mixing, and consequently of the import ance of diffusion, it is generally taken as a crude approximation th at the relative proportions of oxygen and nitrogen remain constant-that is, the ratio 0 2/N2 = J below the atmospheric transition region, and the ratio 0 /N 2 = \ above the atmo spheric transition region. The most promising source of information on the oxygennitrogen distribution appears to be from careful observation and thorough under standing of the auroral spectrum.
Various diatomic compounds of oxygen, nitrogen, carbon and hydrogen might be expected to occur in the high atmosphere. Band emissions arising from nitric oxide have been reported in the night-sky spectrum ( § 7-1-4), but there appears little evidence of any from the other possible compounds. Certain polyatomic molecules are present. Carbon dioxide and water vapour are contained in the lower atmosphere, but the height to which they extend is uncertain. The total amount of the former is some 6 x 1021 mol./cm.2 column of atmosphere, that of the latter is of course very variable. Ozone is well known to be present in a layer mainly between 20 and 30 km. Absorption measurements show the number of molecules to be of the order 7 x 1018/cm.2 column of atmosphere (Chapman 1943) . Nitrous oxide is also to be expected, and there is the evidence for its presence in the absorption spectrum (Sutherland & Callendar 1943) . These subsidiary constituents may affect profoundly the temperature distribution, but they have probably not much direct influence on the phenomena discussed in this paper (see, however, § 4-6) .
Attention has been drawn in recent years to the presence in the atmosphere of foreign elements originating presumably from meteors or terrestrial dust. The best authenticated of these is sodium, which gives rise to the striking D lines in the night-sky spectrum. From the intensity of the twilight enhancement effect it can be estimated that above about 70 km. the number of sodium atoms/cm.2 column of atmosphere is about 5 x 108 to 5 x 109 ( § 7-2-2).
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2-2. Temperature
The temperature distribution has been fully considered by Martyn& Pulley (1936) and more recently by Whipple (1938) . From the evidence obtained from balloon exploration, anomalous sound propagation, noctilucent clouds, the nitrogen bands in the auroral spectrum, and other phenomena, the latter concluded th at the tem perature rises from about 220° K in the stratosphere to a broad maximum of 365° K at 60 km., then falls rapidly to almost 180°K at 80 km. after which it again rises. The work of Pekeris (1937) on atmospheric oscillations is in general agreement with this description.
Some further confirmation is given by the measurements of the scale heights of the Da nd E layers ( § § 3-1, 3-2) which show the temperatures to be about 200° K at 70 km. and 400° K at 120 km. I t must be remembered, however, th at the inter pretation of the experimental results is not at all simple, thus:
(i) The scale height derived from them refers to the atmospheric constituent th at gives rise to the ionization. For the E layer, account must be taken of the important influence of dissociation on the distribution of atomic and molecular oxygen.
(ii) The values obtained depend on rather uncertain assumptions. In the D layer the determination is based on the magnitude of the diurnal variation of the altitude. This may be complicated by thermal and other effects-it will be noted in this connexion that the phase of the corresponding seasonal variation is peculiar (Budden, RatelifFe & Wilkes 1939) . The scale height in the layer is derived from the structure of the ionization but no allowance is made for the thickening (as compared with a simple Chapman layer ( § 4-4)) th at occurs if the absorption cross-section involved is not independent of the frequency of the ionizing radiation.
Little information is available on the temperatures at great altitudes, but the probable high density indicates th at they must be considerable-a t least 500° K. The scale heights found for the F layers ( § 3'3) suggest th a t in the region 200-300 km. the temperatures are from 1000 to 2000° K. However, it must be emphasized th at the huge ionization thickness upon which these figures are based may well be at least partially accounted for by the composite nature of the individual layers or by the effective recombination coefficient being pressure dependent.
Spectroscopic investigations may eventually provide further data on this subject. The measurements available a t present do not appear to favour very high tem peratures; they cannot, however, be regarded as conclusive.
2-3. Density
Meteors give the most important direct information on the density of the upper atmosphere. Taking the mean molecular weight as 28-8, Whipple (1943) finds th a t at 60 km. the number of particles/c.c. is 8 x 1015, at 80 km. 1-4 x 1015, a t 100 km. 9 x 1013, and at 120 km. 6 x 1012. Integration using the estimated temperature dis tribution leads to slightly lower densities, but the discrepancy is not great if allowance is made for an increase in the scale height due to dissociation of 0 2. The observed collision frequency in the E region is not inconsistent with these values. I t is not yet possible to obtain any reliable indications above the E layer. The evidence from the measurements of the scale heights suggests very tentatively 1 x 1011 particles/c.c. at 220 km. (the Fx layer) and 2 (the F2 layer). Though these estimates are perhaps rather too large, difficulties would be introduced by accepting very much lower values-for example, abnormally high absorption cross-sections would be necessitated to explain the production of the upper ionized layers ( §4*4). There are several determinations of the collision frequency in the F regions (cf. §3-3), but, as it is probable th at electron-electron collisions provide the major contribution at these levels, no information concerning the gas pressure there can be derived from them.
I t is clear that the atmosphere is still far from fully studied. The lack of reliable data makes difficult the application of the desirable quantitative tests on proposed theories and so leaves much scope for speculation. I t is imperative th at the present methods of exploration be extended as far as possible and th at the newer techniques (involving for example modern search-light beams and rocket projectiles) be fully exploited.
The observed properties of the D, E (normal and spora are now summarized for later reference-attention being confined mainly to the results obtained by a few groups of workers and no attem pt being made to give a complete account of the vast amount of data now available.
3*1* The D layer
The most recent study of the D layer has been made by Budden et al. (1939) using the Rugby transm itter. From the reflexion of long radio waves they established the existence, under normal conditions, of a weakly ionized layer a t about 70 km. The diurnal variations were consistent with a scale height of about 6 km. The seasonal behaviour was, however, anomalous in th a t the layer appeared lower in winter than in summer ( § 4-4).
Radio fade-outs are caused by a great increase of the ionization which produces strong absorption owing to the high electron collision frequency. Dellinger (1937) has shown th a t there is a correlation between their occurrence and the existence of solar chromospheric eruptions. I t is not yet certain whether the normal and the highly ionized layers are coincident, and whether they are distinct from or merely downward promulgations of the E layer. Much experimental work has still to be done.
3-2. The E layers (norm and sporadic)
Measurements on the noon height of the E layer show it to be just over 100 km. throughout the year a t Huancayo 1938 (Wells & Stanton 1938a , b, 1939 , 110 km. in summer and 125 km. in winter a t Washington 1935 (Gilliland, Kirby, Smith & Reymer 1936) , and 120 km. in summer and 134 km. in winter a t Slough 1936 (Appleton & Naismith 1940). The corresponding values of the maximum electron density ne f are respectively, 2*2 x 105/c.c., 1-8 x 105/c.c. and 1*2 x 105/c.c., and 1*7 x 105/c.c. and 1-0 x 105/c.c. The diurnal variation of ne follows the quadratic law
q being the effective rate of electron production and a the effective recombination coefficient. Throughout a large p art of the day d n jd t can be neglected so th a t we = ( q / c c)
* Other layers have been suggested below the D layer (the C layers) (Mitra & Bhar 1936; Colwell & Friend 1936; Watson-Watt, Bainbridge-Bell, Wilkins & Bowen 1936) and above the F 2 layer (the G layer) (Kirby, Berkner & Stuart 1934; Maeda 1937) , but it is doubtful if the reflexions suggesting the C layers are produced by ionization (Berkner 1939) , and those suggesting the G layer are probably produced by multiple reflexions by the ordinary layers (Eckersley 1939) .
t The electron densities given in this paper are derived from the critical frequencies without the Lorentz polarization correction. where x the solar zenith angle. Comparison of observations at different latitudes and times of year yields the important result that a is a constant independent of the gas density in the range of E layer height (Appleton, Naismith & Ingram 1937) . Several estimates have been made of the absolute value of a: Appleton (1937) gives 10-8 c.c./sec., Wilkes* (1939) 1*2 xlO -8 c.c./sec., Hulburt (1939) 2 x 10-8 c.c./sec., Bhar (1939) 4 x l0~9 c.c./sec., and Higgsf (1942) 1-OxlO-8 c.c./sec. At night ne falls to a low value of order 104/c.c. There appears to be some irregularity in the rate of decay. Various values of a (nocturnal) have been given: 2 x 10~9 c.c./sec. (Appleton 1937) , 4 x 10~9 c.c./sec. (Wilkes 1939) , and 1 x 10~9 c.c./sec. (Bhar 1939) . These are probably too small because of the neglect of the effects of sources of ionization, and it seems best to assume th at the true night value is the same as the day value.
Very little work has been done on the determination of the scale height of the layer. Appleton (1939 a) , from the variation of the equivalent height with the frequency of the probing radio wave gives it to be 11*4 km. for a summer noon. Application of the formula J hm = H log (n0 /cos x) (6) to the small diurnal variations of hm give H to be markedly less than 10 km., but application to the considerable annual and latitudinal variations suggests (though the results are not very consistent) a much larger value. I t is clear th at there are complicating factors for which proper allowance is not made. Attempts at the determination of the electron collision frequency v have also been somewhat neg lected since the early calculations of Bailey & Martyn (1935) on the interaction of radio waves led to the value 2 x 105/sec. Direct radio evidence on the negative-ion electron ratio A under various conditions is still incomplete. Systematic measure ments in these three directions would be very useful. Appleton & Naismith (1939) have examined the variation of the ionization at Washington, Slough and Tromso during the years 1931-8. They find th at ne in creases by a factor of 1-50 from sunspot minimum to sunspot maximum.
The sporadic E layer takes the form essentially of patches of ionization which may be of considerable density-often apparently greater than 106 electrons/c.c. I t is located in the region of the normal layer. Appleton & Naismith (1940) (working at Slough 1934-8) determined the height as 113 km. in summer and 130 km. in winter. Most of the experimental work so far has been directed towards investigating the general properties of the layer so as to get some indication as to its origin. The ionization is found to be more pronounced during the day than during the night, and during the summer than during the winter. I t appears to increase slightly from sunspot minimum to sunspot maximum, but this may not be significant. The effects at high latitudes are the most marked, and there is a definite correlation with magnetic activity (Appleton et al. 1937 ? Berkner 1939 Appleton & Naismith 1940 Observation shows the behaviour or the Fx layer to be quite normal-in particular the quadratic law (3) is obeyed and the recombination coefficient is constant (Appleton & Naismith 1935) . The F2 layer is much less regular. I t exhibits some very remarkable characteristics. These have been discussed in detail by Appleton & Naismith (1935 ), Goodall (1939 ) and Berkner (1939 . Certain of the more interesting features, however, may be mentioned here. The diurnal variation of the maximum electron density is peculiar in th at there is a pronounced noon depression, during the summer at northern latitudes and throughout the year at equatorial latitudes. The annual variation can be analysed into seasonal and non-seasonal components of approximately equal amplitudes, the former with a maximum in local winter and the latter with a maximum round December.
Higgs* (1942) estimated the recombination coefficient a to be 8-5 x 10-9 c.c./sec. in the Fx layer. A rather smaller value (possibly 4 x 10-9 c.c./sec.) seems, however, to be more probable. Further measurements are needed. Several determinations have been made for the F2 layer. Appleton (1937) gives a as 8*7 x 10-u c.c./sec. for a summer day, 8-1 x 10-11 c.c./sec. for an equinox day and a higher (but unmeasured) value for a winter day. Bhar (1939) gives 4x 10~n c.c./sec. for a summer day, Higgs* (1942) 4x 10-11 c.c./sec. for an equinox day, and Mohler (1940) 9 x 10-11 c.c./sec. as an average over 20 months 1937-9 (sunrise and sunset). During the night a appears to increase to about 3 x 10-10 c.c./sec. (Appleton 1937) . Mohler (1940) , however, finds values ranging from about 5 x 10-11 to 5 x 10-10 c.c./sec. and points out that there is evidence suggesting th at an attachment rather than a recom bination law is being obeyed.
Only There is no full understanding of the factors leading to these various values, and further systematic work, such as th at of White & Brown (1935) , is required before the m atter can be elucidated properly. I t is probable th at the ionization in the layers is predominantly electronic.
During the sunspot cycle the maximum electron density in the Fx layer varies by a factor 1*56 (Appleton & Naismith 1939) ) while th at in the F2 layer by a factor of about 4 (Appleton 19396 ).
3-4. Model ionosphere
The fundamental theory of the ionosphere is not yet at a stage at which it can explain the full observational complexity, and for purposes of initial discussion we take a simplified representative model as follows: The uncertainties th a t exist (particularly in connexion with the gas densities) must be borne in mind.
4. P roduction of atmospheric ionization 4*1. Introduction I t is clear, from the properties of the layers summarized in the preceding section, th a t solar radiation is responsible for all the upper atmospheric ionization except perhaps for part of the F2 layer and for the sporadic E layer. The peculiar unexplained variations which the F2 layer exhibits throws doubt on the complete control of its behaviour by the sun,* but there is sufficient evidence to prove that, even here, a large proportion of the ionization arises from this source. The sporadic E layer may be due to a variety of causes, b ut apart from the ionization th a t is undoubtedly produced by meteors (which is best regarded as distinct from the true sporadic E layer) a solar origin is the most probable here also.
As the change of ionization during eclipses gives no indication of appreciable effects from corpuscular radiation in the E and Fx layers (Appleton & Chapman 1935) , it seems preferable to assume th a t these are produced by electro-magnetic radiation. The observational data of course do not exclude the possibility of ioniza tion by very fast corpuscles. I t is difficult to see how any direct evidence regarding these can be obtained. Though the position is not so clear for the F2 layer it is again taken th a t electro-magnetic radiation is the main cause of ionization (Pierce, Higgs & Halliday 1940; Higgs 1942) . In view of the complex diurnal variation of the layer the ordinary simple eclipse effect can perhaps scarcely be expected. I t may be * Eckersley (1940) suggested that the non-seasonal daytime variation of the F 2 layer might be due to some form of radiation from outer space (possibly correlated with the Jansky noise). Measurements of the night-time variations were available for the Northern hemisphere alone, and these were in agreement with his hypothesis in that the ionization was a maximum in summer (corresponding to the daytime maximum in winter). However, examination of recent measurements for the Southern hemisphere shows th at the night-time variation is probably only seasonal.
significant that in general the most definite evidence (which shows th a t the ionizing radiation has a very high velocity) has been obtained at low solar altitude. The correlation between solar chromospheric eruptions and radio fade-outs favours electro-magnetic radiation as the origin also of the D layer, but once again very fast corpuscles are not excluded. In this connexion the suggestion of Chapman th at a burst of corpuscular radiation might be detected by its absorption spectrum is of interest. There is much more doubt concerning the sporadic layer. Neglecting meteoric ionization, the behaviour suggests charged solar corpuscles as the principal source (Appleton & Naismith 1940) , but no completely convincing theory has yet been put forward.
4-2. Solar electro-magnetic radiation
I t is usually assumed th at the normal electro-magnetic radiation from the sun is th at characteristic of a black body at temperature 6000° K. Little else can be done in view of the present state of knowledge of solar physics, but it must be realized th at the error involved may be considerable. A summary of the meagre evidence available has been given by Hunter (1943) . This suggests th at the radiation beyond the ultra-violet region is in excess and may contain very strong emission fines (in particular A1215 A of H and A 584 A of He). These features are probably especially pronounced during the transitory chromospheric eruptions associated with radio fade-outs. Table 2 gives the energies required for the ionization of 0 , 0 2 and Na together with the flux of solar quanta available. The continuous absorption cross-section of atomic oxygen has been calculated using quantum theory by several groups of workers (Saha & Rai 1938; Bates et al. 1939; Yamanouchi & K atani 1940) . The results are shown in table 3. They should be quite accurate, as interference effects in the evaluation of the matrix element are unlikely to be serious (Bates & Massey 1941) . A certain amount of investigation has been carried out relating to the photoionization of molecular oxygen and nitrogen.* From the path lengths for absorption it is possible to estimate the cross-section involved. Approximate values are: for 0 2, 10-20 cm.2 a t the first ionization potential and 10~16 to 10-17 cm.2 a t the higher ionization potentials; and for N 2, 10-17 cm.2 a t the first ionization potential and 10~16 cm.2 a^ the second ionization potential. Further measurements are very desirable.
4-3. The ionization potentials and continuous absorption cross-sections of the main atmospheric gases
D. R. Bates and H. S. W. Massey
Finally, it may be mentioned th a t the continuous absorption cross-sections based on K ram er's formula (that are sometimes quoted) are unreliable (Bates 1939 ).
4-4. Ionized layer formation
In the E and probably the Fx layers the recombinatio of the gas pressure so th a t the maximum ionization density occurs a t the level of maximum ion production. In the Da nd For a homogeneous atmosphere Chapman (1931) has shown th a t I(h, the rate of production of ions a t altitude hb y solar radiation of zenith a
where H is the scale height and n the density of the atmosphere, 80 the number of quanta ineident/cm.2/sec. and A the absorption cross-section. I
where the altitude is hm -H log (n0AH/co (10) and the density is nm = cosy/Ai7.
The total rate of production of ions is given, per cm.2 column, by
Similar expressions can be obtained for a non-homogeneous atmosphere containing several constituents bu t they are somewhat cumbersome, and for immediate pu r poses it is sufficient to note th a t the level of maximum ion production is raised if the radiation is absorbed by some process other than th a t leading to ionization.
4-5.
The E, F1 and F2 la I t can readily be seen th a t it is improbable th a t quanta with enough energy to ionize atomic oxygen can penetrate sufficiently deep into the atmosphere to be responsible for the E layer. Taking the continuous absorption cross-section for quanta with energy between 13*5 and 15-5 eV as 4*5 x 10-18 cm.2 and the scale height as 30 km. (corresponding to the F1 layer), the maximum absorption occurs where the density of oxygen atoms is 7 x 1010 cos y/c.c. This is well above the E layer. Since the intensity of the radiation diminishes very rapidly below the level of maximum absorption (at distances H, 2Ha nd 3 2-5 x 10~2, 2 x 10-4 and 10-9 respectively from the incident value) it is very weak indeed by the time the E layer is reached. Quanta of energy greater th an 15*5 eV are even less likely to reach the E layer because of their stronger absorption (by both O and N 2).
The formation of the E layer must, on this basis, be ascribed to ionization produced by radiation with quantum energy less than 13*5 eV. Reference to table 2 shows th a t the only possibility is the ionization of 0 2 a t 12*2 eV. Accepting for the moment th a t this is correct it is natural to associate the Fx layer with absorption by O a t its first ionization potential (13*5 eV), and the F% layer with absorption by O a t its higher ionization potentials (16*9 and 18*5 eV) and with absorption by N 2 a t its ionization potentials (15-5 and 18-7 eV). Though this interpretation has certain weaknesses it is attractive.
According to experiment the continuous absorption cross-section for 0 2 a t its first ionization potential (12*2 eV) is of order 10~20 6m.2, so th a t as the scale height of the E layer is 10 km. the density of 0 2 a t the level of maximum absorption should be about 1014 cos y/c.c. This is greater than th a t indicated by table 1, b ut the dis crepancy may partially arise from non-ionizing absorption.* A further difficulty is th a t the altitude of the transition region between molecular and atomic oxygen would have to be greater than is generally accepted (particularly as the E layer if produced as suggested would tend to be below rather than this region).
The view has often been p ut forward th a t the relatively small thickness of the layer is evidence in support of the proposed origin. This argument is based on a mis conception-the measured scale height is actually rath er larger than might be expected for 0 2 on the Wulf-Deming theory ( §2-1) and can be associated quite naturally with the main atmosphere.
At the level of maximum absorption in the Fx layer the density of O should be 7 x 1010cosy/c.c. (the continuous absorption cross-section being 4-5 x lO -18 cm.2 and the scale height being 30 km.). This is in satisfactory agreement with expecta tion.
Unless the energy distribution of the incident radiation is very different from th a t * See, however, § 6*1 (Equilibrium of E layer).
assumed ( § 4*2), the most important of the contributions to the F2 layer is th at from N2 at its first ionization potential (15'5eV). The continuous absorption cross-section of 10-17 cm.2 and scale height of 70 km. gives the density of N2 at the level of maximum absorption as 1*4 x 1010cos%/c.c.-again of the correct order. Table 4 compares the flux of solar quanta available for the various layers with the observed rate of production of ionization, per cm.2 column. I t is interesting to note that the suggestion of non-ionizing absorption isugain apparent in connexion with the E layer. The data for the F1 and more particularly the F2 layer indicates perhaps th at the 6000° K black-body model under-estimates the intensity in the high-energy region of the spectrum.
T able 4
The basic reactions in the upper atmosphere 273 Other theories on the production of the layers have been put forward by Bhar (1938) , Mitra, Bhar& Ghosh (1938 ) andby Wulf& Deming (1938 . The former ascribe the E layer to ionization of 0 2 at its second ionization potential (16-1 eV), the Fx layer to the ionization of N2 at its second ionization potential (18-7 eV), and the F2 layer to ionization of 0 at its first ionization potential (13*5 eV). The latter also ascribe the E layer to ionization of 0 2 but at its first ionization potential (12-2 eV), and the Fx and F2 layers to ionization of N2 at its second (18*7 eV) and first (15*5 e ionization potentials respectively. Both theories therefore fail to take into account the effect of the strong absorption by 0 of radiation between 13*5 and (at least) 25 eV. Thus, in the theory of Bhar and his co-,workers, if the F2 layer is formed by 0 at its first ionization potential (13-5 eV), then there will certainly not be sufficient radiation of 16-1 or 18*7 eV quantum energy penetrating th at region to produce the lower two layers. Wulf & Deming essentially ignore 0 altogether. I t may also be remarked that for both theories the magnitude of the observed changes in the different layers with sunspot cycle would require the variation of the intensity of the solar radiation to have a peculiar frequency dependence-the sensitivity of the layers to the sunspot cycle increases in the order F2. Although the theory initially discussed is not without defects it does not appear to encounter such serious difficulties as these alternatives.
The only remaining purely electro-magnetic radiation theory th at seems even at all feasible is that the E layer should be attributed to 0 at its first ionization potential (13-5 eV) and the Fx and F2 layers to a combination of N2 at its first and second ionization potentials (15-5 and 18*7 eV respectively) and of 0 at its second and third ionization potentials (16*9 and 18-5 eV respectively). As already pointed out it is not easy to reconcile such an origin for the E layer with the quantal calculations on atomic oxygen. Mohler (1940) has proposed that the layers arise from a single process-one being formed at the level of maximum ion production in the normal manner and the other being formed at a much greater height owing to the effective recombination coefficient being pressure dependent. The observed difference in the coefficients is certainly sufficient to give rise to two layers in this way. While the quantitative evidence is inconclusive it is satisfactory to note that the ratio of the rate of production of ionization/unit gas density in to that in Fx is 1-6, which is not significantly lower than the predicted value (2-7). Finally, it may be mentioned that Gauzit (1943) is incorrect in suggesting that considerable ionization at the level of the E layer might result from the action
Numerical examination shows at once that the yield is negligible owing partly to the number of metastable atoms that?exist even during the day being small ( § 7*1*1) and partly to the collision probability involved being low (certainly much less than unity). The possibilities of a theory involving corpuscular radiation may have to be explored later. Spectroscopic evidence on the products of ionization would be very useful in spite of the complications by the effects of electron transfer reactions ( §5-4). The prospect of observing absorption in the solar spectrum is unfortunately slight, but the twilight emission ( § 7-2-2), though probably negligible for 0 + (on account of the rarity of quanta with enough energy (14-8 eV) to raise the ion through its first allowed transition), may be appreciable for 0^ (which requires 4-7 eV for the Second Negative system, A 2 1J X 2I T )and for N2 + (which requires 3-1 eV for the Negative system, B 2Z -> X 2 Z).* N^ bands have actually been reported ( that hopes are raised that eventually information will be obtained concerning its height distribution both at sunrise and sunset and that it will prove feasible to examine the intensity variation (particularly throughout the sunspot cycle) for correlations with the properties of the layers.
4-6. The D and sporadic E lay
The quantitative properties of the D and sporadic E layers have not been deter mined sufficiently well to justify an attempt at a detailed analysis. However, as the former is probably produced by electro-magnetic radiation any theory of the upper layers should leave some provision for it. Among the obvious sources is the ionization either of one of the rarer atmospheric constituents or (if this does not occur in the normal E layer ( § 4-4)) of 0 2 at 12-2 eV. There is insufficient evidence to decide between the various possibilities.
* Calculations on the intensity to be expected can be made, using formula (88), but it is only possible to obtain the approximate order of magnitude owing1 to the lack of reliable data -the values of the radiative lifetimes of the excited ions, for example, are uncertain. However, it can at least be stated that there is no evidence of discrepancy with observation.
R ecombination, attachment, detachment and transfer reactions
In the previous section the production of the ionized layers has been discussed. To proceed further and consider their behaviour it is necessary to know the rates of the various collision processes of importance. These can be classified into four categories-recombination of oppositely charged particles, attachment of electrons to neutral particles, detachment of electrons from negative ions, and electron transfer between neutral particles and positive or negative ions. 5* 1. Recombination Recombination can be divided into two main types, electronic recombination and ionic recombination. (14a)) radiative (14c) j recombination
The rate of the reaction (14a) has been calculated (Bates et al. 1939; when the resulting atom is in the ground and any excited state. The total recombination coefficient is found to be 3-7 x 10-12 c.c./sec. at 250° K, and 1-5 x 10~12 c.c./sec. a t 1000° K. No detailed calculations have been made for (146) and (14c), but they will give rise to much the same total recombination coefficient as (14a).
The di-electronic process (15a) has been discussed by . It appears that the recombination coefficient involved is not greater than 10~12 c.c./sec.; th at for (156) and (15c) is also likely to be small.
The importance of the dissociative reactions (16a) and (166) is rather difficult to assess. Similar reactions between electrons and neutral molecules leading to attachment proceed comparatively rapidly.* Detailed investigations are clearly required.
It is appropriate to mention here an unexplained set of results relating to elec tronic recombination. Experiments have been carried out to measure the coefficient for recombination between electrons and positive atomic ions in argon (Kenty 1928), mercury (Mohler 1937) and caesium (Mohler 1937) . For all three elements the recombination coefficient was determined as of the order 10~10 c.c./sec. This is about 100 times larger than would have been expected from radiative recombination and (in spite of the many contributory doubly excited states possible in heavy * The dissociative attachment coefficient to 0 2 is 10-10 c.c./sec. (Massey 1937). atoms such as those investigated) is probably too great to be accounted for by dielectronic recombination.* I t is im portant to discover whether it is a coincidence th a t the recombination coefficient observed in the F layers is also about 10-10 c.c./sec. or whether some process has been overlooked.
5-1*2. Ionic recombination
There is ample evidence ) of the existence of 0 and 0 2 ,t but N2 does not appear to be stable. The ionic recombination reactions of importance may thus be written The three-body reactions (17), (18) have been investigated by Thomson (1924) , and the correctness of his theory has been established by experiments carried out by several workers (Gardner 1938; Sayers 1938) . Under ionospheric conditions the recombination coefficient is proportional to the pressure and is inversely proportional to the three-halves power of the temperature. Neglecting the relatively unim portant correction which allows for the particular ions concerned it is given simply by 4 x 10~5p/jF* c.c./sec.
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(p the pressure in mm. Hg, and T the temper An estimate of the possible rates of mutual neutralization ((19), (20)) has been made by .$ Although it was not found possible to derive a theoretical value for the recombination coefficient in any particular case, it was shown th a t under certain conditions depending on the detailed properties of the atoms or molecules concerned a large value, of order 10~7-10~8 c.c./sec. but not much greater, could be attained. For most reactions it is probable th a t the condi tions are satisfied for some pair of excited products. An experimental investigation is desirable.
Radiative recombination of ions is never im portant in the upper atmosphere, the recombination coefficient being extremely small. Radiative attachm ent to atomic oxygen (21a) has been investigated in detail by . They find th a t the attachm ent coefficient depends markedly on the binding energy of the 2P term of the (Is)2 (2s)2 (2 p)43s configuration of 0~ I f this is zero, resonance effects occur and the attachm ent coefficient is very large-6 x 10~14 c.c./sec. a t 250° K and 1*5 x 10-14 c.c./sec. a t 1000° K. I t is more probable, however, th a t the excited state is unstable and th a t the attachm ent coefficient is only about M x 10-15 c.c./sec. and practically independent of the temperature. In these calculations the electron affinity of O ions was taken as 2*2 eV as derived from Lozier's collision experiments (1934) . I f the recent value of 3-leV as measured thermochemically by Vier & Mayer (1944) is taken instead, the attachm ent coeffi cients quoted above would all have to be multiplied by 2*8.
The reaction (216) has similar possibilities to (21a) but no complete theory has been given.
The di-electronic process (22a) has been studied by . I t is unlikely to be appreciable compared with (21a) unless O-, (Is)2 (2s) (2p)62S lies within about 0*25 eV of O (Is)2 (2s)2 (2p)4 3P. This does not appear a t all probable. Analysis of the deep electronic states of 0 2 indicates th a t (226) is also unimportant.
Dissociative attachm ent (236) can only occur with electrons of energy greater than 3eV (Lozier 1934; Hagstrum & Tate 1941) , so th a t it need not be considered in ionospheric problems.
The attachm ent of very slow electrons to 0 2 to form 0 2 a t pressures of a few mm. Hg has been investigated by Bradbury (1933) . The mechanism involved is not clear -the processes considered above seem quite inadequate. A discussion of the experi mental results has been given by Bloch & Bradbury (1935) and by . I t appears very probable th a t the major contribution to the observed attach ment arises from a reaction which is pressure dependent, and th a t where is the pressure (mm. Hg) the attachm ent coefficient is given by
where Jc is probably a t least 1*5 x 10-12 and tj0 is not greater than 10-14. (29a)
detachment by -transfer of excitation
The rate at which the reaction (25a) occurs depends critically (as does th a t of the inverse, (21a)) on the stability of 0 " (Is)2 (2s)2 (2p)4 3s 2P. For quanta with frequency distribution characteristic of a black body a t 6000p K and dilution factor 5*43 x 10~6 the detachment rate is 0*85/negative ion/sec. if resonance conditions prevail, but the most likely value is only 0-35/negative ion/sec. )-These values are obtained on the assumption of 2-2 eV as the electron affinity of atomic oxygen. If the larger value of 3-1 eV is taken the detachment rates are reduced in the ratio 0-4:1.
No numerical values are available for the rate of (25 6 ) , b u t it would not be expected to differ much from (25a).
The reaction (26a) is the inverse of (22a). Its contribution to the detachment rate will only exceed th a t from (25a) in the unlikely circumstances of the energy of 0~ (Is)2 (2s) (2p)6 2S being in excess of 0 (Is)2 (2s)2 (2p)4 3P by less than 0-25 eV . (266) can probably also be neglected.
Of the associative detachment processes, (276), (27c), (28a) and (28c) are endo thermic and so are unim portant in the upper atmosphere. (27a) and (28a), however, are exothermic and may play a vital role. Unfortunately, as yet there is no reliable means of studying them. Massey (1937) has estimated from the known rate of (236) th a t the detachment coefficient for (27a) is 10_16-10-17 c.c./sec. when the 0 2 molecules formed are in the ground state. How large a factor should be included to allow for the production of vibrationally excited molecules is unknown. Information on this m atter is urgently required for ionospheric theory. No data are available on the rate of (28a).
Detachment by collision with excited particles may be comparatively rapid-its coefficient has not yet been determined, but a value of order 10-10 c.c./sec. is suggested .
5-4. Transfer reactions
The possible transfer reactions are: 0+ + 0 2 -* O + 0 2 + +1-3 eV,
N^ + O -^N 2 + O+ + 2-0eV,
N+ + 0 2->N2 + 0 2 + + 3-3eV,
0 2 + 0 -> 0 2 + CT+l-2eV .
Under upper atmospheric conditions these are of course irreversible. I t is not yet possible to give any definite values for the rates at which they occur. Some estimate might be made from a study of the passage of 0 +, and O ions through 0 2 and of 0 + and 0^ ions through N2.
E quilibrium of atmospheric ionization
In applying the information summarized in the preceding sections it is con venient to begin by considering the behaviour of a region with a single active con stituent, the other constituents being passive except in contributing to the rate of three-body processes. This simplification shows clearly the relative importance of the various reactions Rnd provides a wide basis to which modifications and extensions can be added. If, at a particular level, n, ne, n+, n~ are the concentrations in numbers/c.c. of neutral particles, electrons, positive ions and negative ions respectively, and T is the absolute temperature, then, neglecting diffusion, 
(36)*
In these equations /in is the rate of the photo-ionization ( § 4), pn the rate of photo detachment ( §5-3), ku~n the rate of collision detachment ( §5-3), rjnen the rate of attachm ent ( §5-2), a,en+ne the rate of electronic recombination ( §5' 1-1) and octn+n the rate of ionic recombination ( §5-1*2). The terms involving T arise from the change of density with temperature. W ith K II 1 e I t is clear, however, th a t this is quite unjustified as it involves neglect of the major terms. 6*1.
The layer
For the E layer several simplifications can a t once be made to the fundamental formulae. Not only is it unlikely th a t ae is appreciable,* but in addition the terms dT/dt and dX/dt are small and can be neglected (except perhaps a t sunrise sunset) so th a t a = Aait (41) yne m/(/cw c n + pne + oci n* + q ) . (42) I t will be noted th a t for the effective recombination coefficient to be pressure independent (as is observed) it is necessary in general th a t Knen^>pne, and q.
This very restrictive condition is of great importance in the following discussion. I t will be noticed th a t the predominance of collision over photo-detachment ensures th a t the value of A does not increase during the night. For the further discussion of the E layer we must consider three separate possibilities.
(i) The E layer below the atmospheric transition region-molecular oxygen being the only active constituent. W ith an attachm ent energy to 0 2 of 1 eV ( § 5-1-2), no collision detachment process is available ( §5-3).f Condition (43) cannot, there fore, be fulfilled and no satisfactory theory is possible. This conclusion suggests th a t the E layer is not formed below the atmospheric transition region and so enhances the density difficulty associated with the view th a t it arises from the ionization of 0 2.
(ii) The E layer above the atmospheric transition region-atomic oxygen being the only active constituent. The consequences of condition (43) are again very im portant. Quantitative discussion is possible because of the data available con cerning the rates of the various processes associated with atomic oxygen, q is only 220/c.c. sec. ( § 3-4). For photo-detachment (25 p is most probably about 0-35/sec. ( § 5-3). The value of for ionic recombination ((19) , (20)) is uncertain but is unlikely to be greater than 1 x 10~7 c.c./see. Thus, taking ne as 1-5 x 105 c.c., pne = 5-2 x 104/c.c./sec., < 2-2 x 103/c.c./sec. * The possibility that the rate of dissociative recombination. (16) is grossly underestimated cannot be completely excluded but is not considered in the present paper. I t is sufficient to mention th at if the process is sufficiently rapid many difficulties disappear, t Excited atoms are too rare for (296) to be effective.
In view of (43) Knen must therefore be a t least of order 2 x 105/c.c./sec. so th a t with n about 2 x 1012/c.c., ac = 7 x 10-13 c.c./sec. Such a coefficient is far larger than estimated ( §5-3) but cannot be regarded as impossible. Accepting it provisionally and using the result th a t for photo-attachment ( § 5*2) the most probable value of rj is about M x 10-15 c.c equation (42) to be only 1*3 x 10~3. Further, since the observed value of is 1 x 10~8 c.c./sec., equation (41) gives < xi to be 8 x 10-6 c.c./sec. This value is much greater than predicted by theory ( §5* 1*2). As will be noted also it causes the term in the expression for A, to become appreciable, and a recalculation making allowance for this produces a worsening of the position.
The differences between the derived and theoretical values of k and oct can be reduced by certain feasible changes in the numerical data used. Resonance may profoundly affect the photo-attachm ent and photo-detachment rates-tj becoming 3-0 x 10~14 c.c./sec. a t 500° K and p 0'85/sec., so th a t /c = 1*7 x 10-12 c.c./sec., oci = 1 x 10-7 c.c./sec., A = 1*4 x 10~2.
Thus though the discrepancy in connexion with the value of ac is slightly increased, th a t in connexion with the value of is greatly reduced.* A further improvement is obtained if, instead of taking the electron affinity of oxygen as 2-2 eV, the recent determination by Vier & Mayer (1944) is accepted, and it is taken as 3*1 eV (see § §5*2 and 5-3). This has the effect of multiplying the values of tj and pby 2-8 and 0*4 respectively, with the result th a t with normal (n resonance) photo-attachm ent and detachment we would now have ac = 3 x 10-13 c.c./sec., < xi = 1*4 x 10-6 c.c./sec., A = 7 x 10~3, and with resonant photo-attachm ent and detachment ac = 6 x 10~13 c.c./sec., cci = 1*1 x 10-7 c.c./sec., Finally, the model used for the E layer may be inacc certainty lies in the value taken for n. There is the possibility th a t this has been under-estimated and consequently th a t the value of ac and < xi required has been over estimated. I t should be noted, however, th a t in discussing the production of a layer by the ionization of atomic oxygen a smaller rather than a greater gas density appeared necessary ( §4*5).
(iii)
The E layer within the atmospheric transition region. The presence of both molecular and atomic oxygen in the E layer does not greatly affect the arguments advanced in (i) and (ii), but consideration has to be given to several additional processes. In particular, between O^T ions and O atoms either associative detachment,
or electron transfer, 0^ + 0^0 2 + 0~,
* In certain circumstances di-electronic attachment and detachment ( (22), (26)) can become very large and produce similar changes.
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can occur.* Of these the latter is probably the more rapid. I t is of interest because of the possibility that the stabilization involved might lead to a larger value of A. This could occur if the various reaction rates were such as to make the main attach ment be to 0 2 and the main detachment be from 0 -. A non-constant A (and hence a) would, however, result because of the great increase with height of the amount of dissociation. As this is in conflict with observation it is to be assumed th at the whole effect is unimportant. No other complications likely to influence the equilibrium are apparent. It would thus seem th at the principal reactions for this possibility would simply be
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followed by 0"*" + 0 2-*04-Ojf",
0 + e -» 0 ~+hv.
0~ + 0 -* 0 2 + e,
(and, less rapid,
and perhaps 0~ + 0 +-> 0 ' + 0 \
The quantitative discussion already given regarding the magnitudes k , oct and A is quite unaffected.
Special mention should be made of the difficulty associated with the production of a layer within the transition region-if it originated from the ionization of 0 2 it would be expected to occur at a lower level and if it originated from the ionization of 0 it would be expected to occur at a greater level ( § 4-5).
6*2. The Fx layer
In some respects this layer should be comparatively easy to deal with theoretically, as atomic oxygen is the only constituent which can form negative ions. The discus sion follows the same lines as for the E layer in which atomic oxygen was assumed as the only active constituent (6*1 (ii)). Even if molecular nitrogen plays a part in producing photo-ions at these levels this introduced no important new featuresthe additional reactions N2+Av->N^ + e,
0 " + N2 + -* 0 ' + N£,
do not affect the general argument.
Insertion of numerical values soon shows, however, th a t the theory of recom bination in the Fx layer encounters the same difficulties as for the E layer in a more form. This is because the smaller effective recombination coefficient is more than compensated by the decreased density of atomic oxygen and the in creased density of the ionization. Taking as 3 x 1010/c.c., ne as 2-5 x 105/c.c. and a as 4 x 10-9 c.c./sec. and assuming even resonant photo-attachment and detach ment with the higher value of the electron affinity so th a t rj (at 1000° K) is 4-2 x 10"14 c.c./sec. ( § 5-2) and p 0-34/sec. ( § 5-3), it can be seen th a t equation (42) gives such a small value for A (7 x 10-4) th a t equation (41) forces to be so large (6x 10-6 c.c./sec.) th a t cx{nl>Knen, pne.
This would imply physically th a t the main loss of negative ions is due, not to detachment, but to recombination. Electrons would disappear as if attachm ent were the only process involved. This would encounter the well-known difficulty of understanding why a layer would be formed a t all as the effective recombination coefficient for electrons would be proportional to the pressure and the equilibrium electron density (ju,n/cc)^, would tend to a constant a t great heights. Furthermore, the required ionic recombination coefficient (ot$) of 6 x 10~6 c.c./sec. is several times larger than the value of 2-4 x 10~6 c.c./sec. found in air a t atmospheric pressure by Sayers (1938) and is clearly unacceptable.
Relatively small changes in the values of a and n would improve the position as regards the F1 layer. Thus taking nt o be 6 x 1010/c.c. and a as 2 (instead of the previously assumed 3 x 1010/c.c. and 4 x 10~9 c.c./sec. respectively) and substituting as before shows th a t the undesirable predominance of the term a iwe is avoided. Further, if k is as large as 2 x 10-11 c.c./sec. the quadratic law is obeyed and the effective recombination coefficient is constant-the necessary value of < xi being 1-5 x 10-6 c.c./sec. and the resultant value of A, 1-3 x 10~3. This value of is barely acceptable but, on substitution of the new value of k in the analysis of the E region instead of the somewhat smaller value used in § 6-1 (ii), it is found th a t <*i there would have to be a t least 3 x 10-6 c.c./sec. to provide the observed value of a. I t would seem then th a t to provide a consistent picture of both the E and Fx layers the rate of ionic recombination would have to be stretched beyond its possible limit. I t is probable th a t the value required of the dissociative detachment coefficient is also too large but there is less definite evidence on this score. Before discussing the question further we will briefly consider the F2 layer.
6-3. The F2 layer
The complex and irregular nature of the F2 layer arises from many causes. No attem pt is made here to give a detailed theory including the influence of such effects as the temperature changes. Instead the discussion is limited to a short account of the fundamental processes.
The production of the layer is presumably due to the ionization of molecular nitrogen and atomic oxygen ( §4-5). I t is by no means improbable th a t the relatively 284 slow recombination rate observed (a being 8 x 10-11 c.c./sec. by day and 3 x 10~10 c.c./sec. by night), arises a t least partially from some form of electronic recombina tion. The most promising action is dissociative recombination + e -* N '+ N V (58) I t is uncertain however if the transfer collisions
are sufficiently rare to allow the required N^" ions to be present throughout the night ( § 7-2-1-2). No recombination process to 0 + has yet been suggested th a t is a t all rapid but it is unwise to exclude such a possibility completely until the anomalous position arising from the discharge tube measurements of K enty and Mohler ( §5*1*1) has been elucidated. Ionic recombination can be discussed as for the E and layers. The conditions to be satisfied are less stringent in th a t there is no evidence th a t the effective recom bination coefficient is pressure independent and in consequence there is no need for collision detachment to predominate. I f the same values of the various coefficients are used as before but allowance is made for the probable higher tem perature (2000° K) then on substitution in (40) The agreement with the observed, values of a is satisfactory. I t is interesting to observe th a t owing to the magnitude of the term a*w2 the negative ions disappear by recombination faster than by detachm ent so th a t
Mohler (1940) has found evidence in favour of such a law from the variation of the effective recombination coefficient (ijn/ne) during p art of a sunspot cycle. While in this way an adequate description of the layer can be obtained, it is worth noting th a t the very large coefficients required for the E and E1 layers are not essential. Thus taking The basic reactions in the upper atmosphere 6*4. Summary and general discussion
Provided the E layer lies at a height at which atomic oxygen occurs in adequate quantity a possible theory can be developed, though unexpectedly large collision detachment and ionic recombination coefficients are necessary. The layer can only be explained if still greater values of these constants be used. This has the effect of rendering the whole theory unconvincing and suggests th at some factor such as the influence of atmospheric dust has been unjustifiably neglected. The essential difficulty lies in explaining the magnitude and the pressure independence of the observed effective recombination coefficients. Electronic recombination would appear to be quite inadequate, and if the assumed atmospheric density is correct, the ionic recombination rate could hardly be fast enough to compensate for the very low value of the ratio A of negative ion to electron density which must result from the occurrence of photo-detachment. Moreover, the collision detachment is unlikely to be sufficiently rapid to predominate as would be required to produce an effective recombination coefficient independent of pressure.
The smallness of the important ratio A would seem inescapable. I t does not conflict with information from other sources. No reliable direct radio evidence has yet been obtained. At one time, however, it was thought th a t in the E layer a large ratio (of order 100) was required to provide sufficient conductivity for the circulating currents which, according to the dynamo theory, are responsible for the magnetic variations associated with the atmospheric tides. An unknown factor which entered into the calculations was the amplitude of the tidal oscillations in the upper atmo sphere as compared with those near ground level. A sufficient amplification would render the large ratio unnecessary. Pekeris (1937) showed th at for at least the solar tide, the amplification is, in fact, probably considerable due to resonance. However, a complete review of the whole problem has now been rendered essential by the observation by Appleton & Weeks (1939) of variations in the height of the E layer correlated with the lunar tides with amplitude 7 x 103 th at a t ground level and with phase opposite to th at required by the dynamo theory. Until this remarkable effect is explained it is clearly impossible to draw any conclusions on the magnitude of the negative ion electron ratio from the magnetic variations.
The position regarding the F2 layer is rather more satisfactory than th at for the lower layers there being less difference between observation and the predicted rates of either electronic or ionic recombination. Even here, however, the quantitative information is inadequate to establish fully the processes involved.
While there are, as has been insisted, grave difficulties in the present theory of the ionized layers it is perhaps desirable for clarity to recapitulate in general terms the description given. The basic reactions determining the behaviour are as follows: 
The electrons freed by the photo-ionization attach themselves by a radiative process (63) to the neutral oxygen atoms to form negative ions. These can be destroyed by associative detachment (64) or by photo-detachment (65) to yield electrons once more or by ionic recombination (66) to yield uncharged particles. For the and layers it is necessary for the first of these processes to be the most rapid in order to explain the pressure independence of the effective recombination coefficient. The difference in the effective recombination coefficients in the two layers can be ascribed partially to tem perature effects and partially to the nature of the positive ions involved (which depend not only on the particular photo-ionization process ( §611 but possibly in addition on charge transfer (62)). For the F% layer, in contrast to the E and F1 layers, the associative detachment process is thought to be unim portant because of the low pressure so th a t ionic recombination (66) gives a pressure depen dent effect. I t is not unlikely also th a t electronic recombination (67) is appreciable -especially during the day.
Plausible theories of the layers have been put forward by other workers-notably Tukada (1937) and Mohler (1940) . I t m ust be emphasized however th a t they are unsound and are apparently successful only because they ignore the full effects of photo-detachment. No processes beyond those discussed in this paper are taken into account.
7. R adiation of the night sky (non-polar aurora)
Before attem pting any correlation of night-sky radiation phenomena with the foregoing considerations it is desirable to summarize briefly the observed data. Exhaustive references are not given. 7*1. Observed * The chief contributors to the night-sky emission spectrum are neutral atoms of oxygen and sodium and neutral molecules of nitrogen. I t is convenient to collect the available information under the heading of the atomic or molecular source concerned.
• 1 • 1. Radiation from atomic oxygen
The two forbidden transitions 1D -1S and 3P -X D give rise to the auroral green (A5577 A) andnebular red (A6300A, A6364A) lines. The average intensity corresponds to the emission of 2 x 108 quanta/cm .2 column of atm./sec. (Rayleigh 1930; Cerniajev, * See Dejardin (1936) , Elvey (1942), and Pearse (1943) . Khvostikov & Panschin 1936) for the green line and about 1 x 107 quanta/cm.2 column of atm./see. (estimated) for the red. Condon (1934) has calculated the relevant radiative life-times of the rS and X D states of 0 to be 0*5 and 100 sec. respec tively. I t follows th a t the number of atoms/cm.2 column of atmosphere in the 1S state is of order 1 x 108, and in the X D state 1 x 109.
Information concerning the diurnal, seasonal and other variations in intensity of the lines is slowly accumulating. McLennan (1928) and other writers found the intensity of A 5577 A to have a pronounced maximum about midnight. The regular occurrence of this effect is not yet established. Instead Elvey & Farnsworth (1942) found little or no such maximum, while Karandikar (1934) observed a midnight m in im u m . The factors determining which type of intensity variation occurs are not yet clear. The intensity of A 6300 A has been observed by Garrigue (1936) and by Elvey, Swings & Linke (1941) to decrease from sunset to about midnight and then to remain practically constant.
No appreciable twilight effects have been found for A 5577 A. In contrast A 6300 A exhibits considerable enhancement-the intensity when the sunlight strikes the atmosphere above 70 km. being of order 10 times th a l during the night (Elvey & Farnsworth 1942) . A remarkable feature of the phenomenon is the appreciable magnitude of the enhancement even when the sunlight can only reach the very high atmosphere.
Measurements of Rayleigh & Jones (1935) atTerling (England), Capetown (South Africa) and Canberra (Australia) show th a t there are large irregular local fluctuations of intensity of the green and red region of the spectrum on which are superimposed in addition a semi-annual and annual variation and a slow secular change with sunspot cycle-an interesting similarity to the frequency of occurrence of aurorae. The effects depend to some extent on the station.
Several attem pts have been made to measure the height of the source of the radiations. The most recent work is th a t of Elvey & Farnsworth (1942) who made 25 determinations of the variation of intensity with zenith distance a t a number of stations in North and South America for A 5577 A and A 6300A. The average variation was much the same for both lines and indicated the great height of 500 km. for the emitting layer. This result is in general agreement with the earlier investiga tions of Cabannes & Dufay (1934 ), of Brunner (1935 and of Garrigue (1936) . I t is so im portant however th a t more measurements are required to confirm it.
• 1 • 2. Radiation from atomic sodium
The presence of the D lines (A 5893 A, 2S -2P) of neutral sodium in the night-sky spectrum has been established by Cabannes, Dufay & Gauzit (1938) . The number of quanta emitted in these lines is about 1 x 107/cm.2 column of atm./sec. A part from fluctuations the intensity remains fairly constant throughout the night. There is a very strong twilight effect, the enhancement being of the order 100 when the atmosphere above 70 km. is illuminated. Measurements by Bernard (1938) , and Elvey & Farnsworth (1942) , on the variation of the intensity of the twilight radiation with zenith distance show th at at least between 70 and 115 km. the concentration of emitting atoms falls off at much the same rate as th at of the main gas.
Systematic study of the intensity variations exhibited by the D lines has hardly begun but the emission appears to be least in summer (Garrigue (1937) , Elvey (I94I ))- Cabannes et al. (1938) estimate th at the height of layer responsible for is 130 km.
7-1*3. Radiation from molecular nitrogen , Most of the night-sky band emission* is due to neutral nitrogen. The strongest are the bands of the Vegard-Kaplan system arising from optically forbidden transi tions between the A 3E and the ground energy 7 eV. Following in intensity are the bands of the Lyman-Birge-Hopfield system (A X TI ->XX E) of excitation energy 8 • 5 e V and those of the First Positive system (B3II-^A3E) of excitation energy lOeV. The Second Positive system ((73/7-> B 3E) has not been observed to be present. Reliable information on the intensity of the bands is not available but as a very rough estimate it may be taken th at the number of emitted quanta/cm.2 column of atm./sec. is 1 x 107 for the Vegard-Kaplan system, 6 x 106 for the Lyman-Birge-Hopfield system and 3 x 106 for the First Positive system. No information is available as to the radiative lifetime of the metastable A 3E state but it must be long. Slipher (1933) observed in the twilight spectrum a flash due to the emission of the Negative band system (B2E^~ X 2E) of N^ (excitation energy 18-7 eV).
The variations in the blue region of the spectrum to which the N2 bands largely contribute have been studied by several workers. Rayleigh (1929) and Bradbury & Sumerlin (1940) observed th at the intensity has a maximum a t midnight. Rayleigh & Jones (1935) found fluctuations in close correlation with those of the oxygen green and red lines and also corresponding semi-annual and annual variations and slow secular change with sunspot cycle.
7-1-4. Other night-sky radiations
As well as the main radiations described above, there is evidence of the emission of the Schumann-Runge bands (B3E -+ X 3E) of 0 2, and possibly o and y (A 2 E -> X 2II) bands of NO. A number of bands, particularly a strong one at A 3556 A, remain unidentified. There is no radiation which can definitely be attributed to atomic nitrogen, atomic or molecular hydrogen, or any of the inert gases.
7-1-5. The spectrum of the polar aurora
Apart from the well-known high degree of excitation as indicated by the lines of neutral and ionized atomic oxygen and nitrogen and by the relative intensities of the nitrogen band systems (in particular the great strength of the Negative system) * The identification of bands is very difficult and is still open to discussion. In this paper we have accepted ip general the suggestions of Elvey et al. (1941) . the main feature of interest in the spectrum of the polar aurora as compared with th a t of the night sky is the absence, or at least the comparative faintness, of the sodium lines, and the oxygen bands.
7-2. Origin of night-sky emission
We now come to the difficult problem of the origin of the excitation which gives rise to the radiation described. We treat separately the nocturnal and the twilight emission.
7-2* 1. The nocturnal emission 7'2'1'i. The oxygen recombination theory. A possible source of the energy needed for the emission lies in the region of dissociated oxygen. Chapman (1931) suggested th at when oxygen atoms recombine to form a molecule excitation energy may be given to some third body.
For the green and red lines the basic reactions are
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and for the D lines, O + O + N a^O a + N a '^P ).
However, the energy required to excite molecular nitrogen for the emission of the Vegard-Kaplan, Lyman-Birge-Hopfield, and First Positive band systems is greater than the dissociation energy of oxygen. As the particles concerned in the collision processes are in thermal equilibrium, the additional energy cannot come from their relative motion. However, if one of the recombining oxygen atoms is in the metastable X S or X D states sufficient energy is available a t least for the Vegard-Kaplan and Lyman-Birge-Hopfield band systems. Thus, I(JS) + 0 + N 2 -* 0 2 + Na(A 3£ ) (giving the Vegard-Kaplan (71) |(lD) band system),
0 '( 1S) + 0 + N2^0 2 + N 2(A W ) (giving the Lyman-Birge-(73) Hopfield band system).
At first sight the theory is attractive, but on closer examination certain difficulties become manifest particularly for the sodium and nitrogen reactions.
As far as the green and red lines are concerned the intensity likely to result may well be adequate-the total number of oxygen recombinations must be of the order 1012/em.2 column of atm./sec. and it is quite possible th a t a sufficiently large fraction of the recombining atoms dispose of their excess energy in the manner suggested. On the other hand if t is the lifetime of a metastable, oxygen atom towards deactivation by collision, and r is the radiative lifetime, the number of photons emitted at any level by metastable oxygen atoms produced by (68), (69) is proportional to p3t/{t + T), (74) where p is the partial pressure of atomic oxygen. This has a maximum at the level of maximum density of atomic oxygen-th at is just over 100 km., in contradiction to the results described in ( § 7-1-1) which suggests a much higher level for the origin of the lines.* A satisfactory theory must also include an explanation of the intensity variations. As the rate of recombination of oxygen atoms is so slow th at there is a negligible decrease in their concentration during the night, little diurnal variation in intensity would be expected. The observational evidence on this is still incomplete but it certainly indicates a difference in the behaviour of the green and red lines th at would not have been predicted. Further the fluctuations of intensity are not easy to understand. Little can be said at this stage about the possibility of explaining the semi-annual and annual variations, the slow secular change with sunspot cycle, and the dependence on station.
I t thus appears th at the application of the theory to the green and red lines is not free from serious difficulties. I t must be noted th at these depend on experimental results which are as yet far from definite. The position is far worse when the excita tion of the sodium lines and nitrogen bands is considered.
The ratio of the numbers of sodium and oxygen atoms in the upper atmosphere is probably about 5-50 xlO "11 (5-50 x 108/1019) ( § § 2*3, 7-2-2) yet the intensity of emission of the D lines is as great as 5 x 10-2 of th at of the green lines. As the rates of the reactions (68), (69) and (70) are not likely to differ greatly there is thus a very grave discrepancy even allowing for a considerable rate of collision de-activation of the metastable oxygen atoms.
A similar position is encountered when the effectiveness of the reactions (71), (72) and (73) in providing excited nitrogen molecules is estimated. In the nocturnal upper atmosphere the fraction of oxygen atoms in the metastable X S and X D states is only 10-11, (108/1019), and 10~10, (109/1019), respectively. The intensities of the nitrogen band systems would therefore be very many orders of magnitude lower than those of the oxygen lines-in complete disagreement with observation.
I t seems necessary to seek explanations of the excitations, leading to the D lines and the nitrogen band systems other than through Chapman's theory.
7-2-1-2.
The ionized layer theory. I t is natural to consider th at there may be connexion between the nocturnal emission and the ionized layers. However Chap man (1931) has shown th at the rate of emission allowable by the ionization density is likely to be too low for some of the radiations.
The green line is maintained at a rate of 2 x 108 quanta/cm.2 column of atm./sec. so that about 1013 quanta/cm.2 column of atmosphere are emitted during the night. If the emission is limited to a normal layer of scale height H the total number of quanta (at the height of greatest emission) must be about 1013/2-7 cm.2, which for the E layer is 4 x 106/c.c.
(H = 1 x 106 cm.) and for (H = 4 x 106 cm.). To account for the constancy of the emission and to allow for an * It can be generalized that no two-or three-body collision processes can give rise mainly to emission from a layer high in the atmosphere unless one of the particles involved is localized there. efficiency of less than unity for the process involved a maximum ion or electron density of some 4 x 107/c.c. is required in the layer and of some 9 x 106/c.c. in the F layer.* These values are much higher than those observed, particularly for the E region. The production of the less intense red fines does not lead to the same difficulty, at least as regards the F region, and it is worth considering the possible processes in more detail.
The number of excited particles/cm.2 column of atm./sec. produced by electronic and ionic recombination is 2*717(1 + A) n\<xe and 2*7#A(1 + A) | a 4 respectively. A is small. The night-time value of ne in the E layer is, as we have seen in § 3-4, about 104 and in the F layer is about 2*5 x 105. For radiative or di-electronic recombination
the recombination coefficient is less than 10~12 c.c./sec. so th at the number of X D atoms formed/cm.2 column of atm./sec. is less than 3 x 102 for the E layer and 7 x 105 for the F. The dissociative recombination process
may occur in the E layer but its recombination coefficient is unlikely to be great enough for the emission to be appreciable. For ionic recombination,
0 2 + + 0 " -*0£ + 0 ,(1D),
the recombination coefficient is unknown but in certain cases it may be very large ( §5*1*2). The interpretation of ionospheric recombination is still uncertain but it may indeed be th at the value of Aai is of order 10~8 c.c./sec. in the E layer and 3 x 10-10 c.c./sec. in the F layer. The number of excited atoms formed/cm.2 column of atm./sec. in the E and F layers may thus be as great as 3 x 106 and 2 x 108 respec tively. It seems quite possible therefore th at ionic recombination in the F layer may give an important contribution to the intensity of the red fines, particularly during the early part of the night. A further source of X D atoms is from excitation by energetic electrons formed by dissociative detachment O-+ O 0 2 + e ( + 2*9eV kinetic energy),
e + CWO'^DJ + e.
* The argument is of course invalid if each ion or electron can produce the emission of a number of quanta. It is not easy to see how this could occur for the green line but for some of the other radiations the possibility exists ( (82), (83)). Nocturnal renewal of ionization is also ignored.
The basic reactions in the upper atmosphere 291
A similar set of reactions was suggested by Martyn & Pulley (1936) to account for the green line but for this the electrons have insufficient energy. I t can be seen a t once th a t the D lines cannot arise from any of the processes just discussed owing to the relative scarcity of sodium ions and atoms.
The nitrogen band systems, like the red lines, may well be produced by ionic recombination processes in the F layer. There may be some difficulty, however, owing to the transfer, N2 + + 0^N 2 + 0 +,
removing the nitrogen ions too rapidly-unless the probability/collision is very small (< 10-4) there will be no nitrogen ions left within a few hours of sunset. If the ionized layer theory of the origin of the red lines and the nitrogen band systems is correct there should of course be some connexion between their intensity and the properties of the layer as determined by radio measurements,* but this may be very indirect owing to the nature of the many processes involved. 7*2-1*3. The sodium oxide theory. Neither the oxygen recombination theory nor the ionized layer theory seem able to explain the intensity of the D lines. In view of the comparative rarity of the sodium atoms it might be expected th at some special process is required. Chapman (1939) suggested as a possible source of the excited atoms the action N a0 + 0 -> N a'(2P) + 0 2.
The formation of the necessary sodium oxide can proceed by such processes as,
Na + 0 3-^N a0 + 0 2,
(and similarly for other suitable oxides).
None of these reactions is likely to oxidize sodium atoms a t any considerable rate. The three-body reaction (86) is extremely slow at such heights as 100 km. Though (87) may be more rapid it is doubtful if even here the yield is adequate owing to the rarity of 0 3. Assuming, however, th a t thd concentration of NaO is not many orders smaller than th at of Na the rate of (85) may well be sufficiently great it is endothermic. Since the dissociation energy of 0 2 is 5* 1 eV and the excitation energy of the 2P state of Na is 2-1 eV this condition requires the dissociation energy of NaO to be less than 3*0 eV-if it is as great as 4 eV (as given by Chapman (1939)) some new theory for the origin of the D lines must be sought, f 7'2-l-4. Conclusion. I t is clear th a t the origins of the night-sky emission are still far from certain. While none of the theories discussed are free from objection it is a t least possible th at the oxygen recombination theory accounts for the intensity * Mitra (1945) has recently reported evidence of a correlation between ion density in the F region and the intensity of night sky light emission when both are abnormal.
t The suggestion (Chapman 1939) that additional energy might be produced from reactions such as (85) if the oxygen atoms involved were in a metastable state cannot be accepted, as the number of such atoms is extremely small ( § 7*2* 1*1).
of the green line and some of th a t of the red lines; the ionized layer theory accounts for the remainder of the intensity of the red lines and th a t of the nitrogen band systems; and the sodium oxide theory accounts for the intensity of the D lines.
If this picture is valid then:
(i) No correlation between the green line and nitrogen band intensity variations would be expected.
(ii) The height of maximum intensity of green light emission m ust not be far above the region of maximum density of atomic oxygen (just over 100 km.).
(iii) A considerable proportion of ionization in the F layer m ust remain in the form o fN a + throughout the night in spite of the transfer reaction (84).
(iv) The dissociation energy of NaO must be less than 3-0 eV.
The observational evidence available rather tends against both (i) and (ii) and the position must remain obscure until more extensive and reliable data are available.
7*2'2. Twilight emission
The most obvious source of twilight emission effects is from direct excitation by solar radiation. If only the resonance transition is involved the number of quanta emitted is simply (<oE/(oN) r -1 e~ft,,/*T//particle/sec.*
where o)E and ioN are the statistical weights of the excited and ground states respec tively, t the radiative life time, v the frequency of the exciting radiation, T the absolute temperature of the solar black body (6000° K), and f the dilution factor (5*44 x 10~6). This formula can readily be modified to apply to more complicated cases. For the green and red lines of oxygen and the D lines of sodium numerical values are given in table 5. 
The basic reactions in the 293
* I t is implicitly assumed of course th at the number of solar quanta of the correct wave length is sufficient-this is correct even for the forbidden transitions on account of their Doppler broadening.
t Allowance has here to be made for the fact th at the absorption is from the 3P state but the emission is to a state.
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I t is doubtful however if this latter source would account for the observation by Elvey and Farnsworth of an enhancement a t very great heights ( §7*1-1). The process 0~ + /n '-> 0 '(1D) + e,
is perhaps of interest in this respect. From the calculations on photo-detachment it is found th a t the number of oxygen atoms raised to the X D state by reactions of the type (90) is from 2 x 10_2/negative ion/sec. to 5 x 10_2/negative ion/sec. (depending on the existence or not of resonance effects, § 5*2). Taking the negative ion density in the F region as 10-3 of th a t of the electrons and a layer thickness of 100 km. (both estimations being only tentative), this would give a rate of production of X D oxygen atoms of between5 x 107and 108/cm.2 column/ sec., comparable with the nocturnal emission rate of about 107/cm .2 column/sec. Direct excitation seems to be the only process likely to be im portant for the D lines. From above 70 km. the intensity of the line is about 1 x 109/cm .2 column of atm./sec. Taking into account the fact th a t Fraunhofer absorption reduces the solar radiation involved by a factor probably between 10 and 100* the number of sodium atoms/cm.2 column of atmosphere can be estimated to be between 5 x 108 and 5 x 109, as used in preceding sections.
The effect of an electric field on the viscosity of liquids An apparatus for measuring the effect of an electric field on the viscosity of liquids has been developed, in which the liquid runs in a narrow channel between plane metal boundaries which can be used as electrodes. The apparatus allows the use of fields up to an average strength of 35 kV/cm. and gives a high degree of accuracy. With non-polar liquids, either dry or contaminated with water so as to conduct, and with non-conducting polar liquids an electric field transverse to the line of flow has no marked effect on the viscosity. With polar liquids that conduct relatively well, either normally or when contaminated with water, the electric field causes a considerable increase in apparent viscosity. This effect increases with increasing strength of field, but reaches a limiting value for very high fields. With polar liquids whose conductivity can be diminished by successive purifications the magnitude of this limiting effect is proportional to the conductivity of the specimen. With an alternating field the effect on viscosity remains constant, as frequency is increased, until a certain critical frequency is reached, and thereafter decreases with frequency, until it becomes too small to be detected. The critical frequency decreases as the distance between the electrodes increases and increases as the temperature is raised.
There is no effect on viscosity with a field parallel to the lines of flow. All these experimental facts can be explained on the theory that the effect is due to the accumulation of ions that takes place in the neighbourhood of the electrodes when the liquid conducts. The ions act as centres round which polar molecules cluster. Thus for an effect to appear it is necessary to have a liquid which conducts and which is made up of polar molecules. The limiting increase of apparent viscosity which takes place at high fields is due to the fact that the increase of viscosity of the liquid near the electrodes slows down the ions, and thus tends to diminish the number of excess ions. The variation of the effect of an alternating field with frequency also finds a ready explanation in this theory. The theory has been made to account for various other observed facts.
